INTRODUCTION
The answer, of course, is literally "blowing in the wind" for any geomorphologist with a dust-collecting network and infinite patience. But those results are not yet in, and if we wish to make quantitative studies of exposure ages and erosion rates along geomorphic surfaces in various climatic, tectonic, and geographic regimes, it is necessary to have a methodology something likethe use of nuclear geochronology for dating the rocks of the Earth's crust. Thus we require a protocol based on nuclear geophysics: Current studies of terrestrial in-situ cosmogenic isotopes are developing precisely such a protocol. Like the early stages of the development of modern geochronology, however, there are sampling and analytical problems, interpretive difficulties, and some distance yet to travel up the mountain before a well-defined and clear science emerges from the forest.
Given our current reasonably good understanding of the present-day 273 0084-6597/94/0515-0273505.00 cosmic-ray flux in which the Earth is bathed, the formulation of the fundamental problem is clear. A geomorphic surface, fixed in geomagnetic coordinates on the Earth's surface and with a defined dip and strike, is bombarded by the incident cosmic radiation, creating new (in-situ) isotopes, both stable and radioactive, by an exponentially attenuated flux in the substrate of the surface. This is a "double-moving-boundary process": The surface is in general undergoing erosion or ablation, thus decreasing in altitude, or is increasing in altitude due to sedimentation, etc. Additionally, the entire surface is subject to tectonic motion so that it increases or decreases in altitude due to large-scale motions. Because the incident cosmic-ray flux in the atmosphere is itself attenuated by the atmospheric depth through which it passes en route to the surface, changes in altitude of the surface alter the production rate throughout the range of nucleon production in the matrix.
The initial problem was formulated for stable cosmogenic species by Craig & Poreda (1986a) : We give the result here in order to fix our ideas for the above physical features without the complications of radioactive decay. The general equation for, e.g. 3He or 21Ne concentration in the surface layer of the exposed matrix can be written, simply, as
Co(t) = JoT*[l -exp (--t/T*)].
(1)
Here J0 is the production rate of the cosmogenic species at the altitude of the surface of the rock (z = 0), and the concentration of the species (C Co at z = 0) is zero at t = 0. The "time constant" T* in (1) is defined (for stable isotopes) as
T* = l/(U*/h* + E/z*),
in which U* = (U-E), where U is a rate of regional uplift (positive negative) in an absolute reference frame, and E is the rate of erosion (or accumulation) in the same units (m/My in the original). The remaining terms, h* and z*, are attenuation path lengths for the incident cosmic radiation in the atmosphere and in the rock matrix, where we assume for simplicity an exponential behavior for the attenuation in each substance. For the path length for rocks, z*, this is not a source of error, and the value of 0.55 m for z* is derived, for basalts, from the value of the atmospheric attenuation per g/cm -~ and the mean density of basalt. In the atmosphere the assumption of exponential attenuation in the lower troposphere is not so readily justified, but because it allows the solution of Equation (1) in closed form, it is very useful. In fact, although neither the atmospheric pressure nor the cosmic-ray production rates in air are exactly exponential, to first order h* = 1800 m, and the approximation is justified up to altitudes of ~ 4500 m, with ~ 20% error at 5000 m (Craig & Poreda 1986a ). At t = 0, the rock-surface elevation is
h(O) = h(t)-
where "t" is the time since the initial exposure of a pristine surface (e.g. by lava eruption, faulting, etc). The original cosmogenic isotope production rate is then
J0(0) Jo(t) exp (-U*t /h*),
and these equations then suffice to fix the surface-layer (z--0) concentration Co(t) as a function of time as given by the general parameters U and E. Below the surface, the concentration at any depth z below the surface is readily seen to be simply Coexp(-z/z*) because of the exponential nature of the attenuation of the production rate.
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Figure i Cosmogenic 3He as a function of time and erosion rate (Craig & Poreda 1986 ). The curves are calculated for various values of the erosion rate (E: m/My) for the Maui Haleakala lavas, and extend over the ~ 500,000 y age of these flows. [A regional "uplift" rate U = -45 m/My (subsidence) has been uscd, corresponding to a subsidence of ~40 during the interval since Maui moved off hotspot, but the value of U has only a minor effect on thc E values.] The cosmogenic 3He in the olivines (1.22/~#cc/g = 35.0 x 10 s atoms/g, shown as a tick mark crossing the E = 0 line) corresponds to an "exposure age" (defined for E -0) estimated as 64,000 years in the original paper: using the new calibrated value of the 3He production rate (Cerling & Craig 1993) , which is 46% greater than the original assumption, the exposure age is now 44,000 years, and the erosion-rate values (E, m/My) on the curves are now 46% greater. Thus the calculated maximum erosion rate at Haleakala Crater becomes 12.5 ~n/My (vs the original value of 8.6 m/My).
function of time is plotted for several values of erosion rate (E). The graph is the original display of the cosmogenic 3He data for lavas on the crest of Haleakala Volcano, Maui (Craig & Poreda 1986a) , but the figure is general for all similar species. The defining limit of the envelope of concentrations is the straight line for E --0, i.e. no erosion, and t is small vs T*. In this particular case the measured cosmogenic 3He concentration in the surface lavas intersected locus E = 0 at t = 64,000 years. This is the "exposure age," corresponding to zero erosion rate and small rates of uplift or subsidence: It is the time required to produce the observed concentration of the cosmogenic species (3He in this case) for zero erosion.
The actual exposure age of these lavas, however, is known to be of the order of 500,000 years--almost an order of magnitude greater than the "cosmogenic exposure age" given by the concentration intersect on E = 0. The curves in Figure 1 , drawn for erosion rates from 2.5 to l0 m/My, show that for finite erosion rates, longer times are required to reach an observed concentration because of the continual removal of the surface (Equation 1): In this case, for long actual exposure ages (since eruption the lavas), the required erosion rate is 8.6 m/My. The uncertainties are seen to be asymmetrical, but they can hardly be more than 25%, so that this first determination of a "cosmogenic" erosion rate has a reasonable claim to a useful precision. We are currently continuing similar studies on the olivine basalts on Mauna Kea.
In a continuing study of the Maul Haleakala lavas, Craig & Poreda (1986b) analyzed helium in ~ 50 analyses of both olivine and cpx phenocrysts, from nine separate flows in four different Kula-age formations and ten other flows with Tertiary to Recent eruption ages. 3He/4He ratios as high as 99 RA (where RA is the 3He/4He ratio in air, 1.40 × 10 -6) in the total He in olivines, and 70 RA clinopyroxene total He, have been measured, and ratios up to 1200 R A (olivines) and 334 ]~A (cpx) have been obtained by fusion of the vacuum-crushed grains, in which essentially pure cosmogenie -~He has been extracted. Most significantly for the methodology used above, the cosmogenic ~He concentration in olivines and clinopyroxenes in the same flows is the same (olivine/cpx ratio = 0.987), and the erosion rate, based on all the data, was found to be ~ 9 m/My. Studies of the associated cosmogenic 21Ne (Marti & Craig 1987 ) and 1°Be and 26A1 (Nishiizumi ct al 1990) have now been made, so that a complete set data for the Maui "type locality" is beginning to become established.
When the radioactive cosmogenic isotopes ~ °Be and 26A1 are considered, the equations are somewhat more complicated, as detailed in a following section, but the essential result is the same. Erosion (E = +) and Uplift (U = +) of the surface act in the same way to require longer times produce a given concentration of an isotope (surficial removal, or raising the surface to levels of higher values of J0)-For subsidence (U = -, as the present case) the effect has the same sign as for net accumulation on the surface (E = -). For details of the analytical work and treatment subsidence rates, erosion, etc., refer to Craig & Poreda (1986b) : Here are concerned primarily with demonstrating the effects of these processes.
HISTORICAL BACKGROUND
The study of terrestrial cosmogenic isotopes (in the general sense) goes back almost fifty years, to the earliest measurements on radiocarbon and tritium. During the succeeding decades several schools carried out intensive research programs on other atmospheric cosmogenic isotopes, but of all these studies only the isotopes ~°Be, 39Ar, S~Kr, and S~Kr, in addition to radiocarbon, have remained as important contributors to geophysics, and the Ar and Kr isotopes are still awaiting the development of large-scale and routine analytical techniques to realize their potential. On the other hand, the development of analytical methods capable of detecting and analyzing the cosmogenic isotopes produced in rock surfaces (the in-situ cosmogenic isotopes) and the applications of these methods over the past two decades (Table 1) have resulted in what is clearly destined to become a permanently entrenched new field of geophysics. This review is restricted to the developments of this field since the beginnings that date back to the late 1970s, and in one case, even as far back as 1955 when the focus of cosmogenic isotope studies was almost entirely on radiocarbon in the atmosphere.
R. Davis and O. A. Schaeffer were the first to study an in-situ cosmogenic isotope, when they measured the 36C1 activity in a phonolite from 3260 m altitude in Cripple Creek, Colorado, selected because of its high C1 content (Davis & Schaeffer 1955 , Schaeffer & Davis 1956 ). 36C1 (halflife = 308,000 years) activity was determined to be 0.12 dpm/g within an uncertainty of 16%, relative to zero activities assumed for measurements of oceanic and Great Salt Lake C1. In this original work the concepts we use today were fully explored in terms of exposure ages, and the understanding was that such ages could only be evaluated for surfaces that had been subject to insignificant erosion over the exposure time. The 36C1 production rate was estimated for the Cripple Creek site, and an exposure age of 24,000+4000 years was calculated. The authors discuss the processes by which fresh rock surfaces usable for dating are formed, and evaluate the possible effects of erosion. From the standpoint of both the development of the necessary analytical techniques and the understanding and evaluation of the results, this work is both the discovery paper for insitu cosmogenic geophysics, and a classic contribution to the annals of nuclear geophysics. The work of Davis and Schaeffer was not only a classic; it was, typically, far ahead of its time. It was not until twenty years later that the second major paper in this field was published: a study of in-situ cosmogenic xenon isotopes in sedimentary barites by Srinivasan (1976) . Cosmogenic Xe isotopes, produced by spallation reactions on Ba in a Swaziland barite from the famous Fig Tree Shale (3000 My), were readily measured mass spectrometry for the isotopes 124Xe and 128Xe, and even larger enrichments were found for 131Xe which is also formed by muon-induced reactions. Srinivasan then evaluated the production rate and showed that the isotopic Xe excesses corresponded to "surface residence times" (= exposure ages) in the range of 120,000 to 270,000 years. This paper also contains a study of Kr isotopes in the samples and detailed discussions of the production mechanisms and rates of all the Kr and Xe isotopes: like the work of Davis and Schaeffer on 36C1, it is a geophysical classic that bears reading and study today.
It is curious, looking back, that so little attention was paid to these papers, especially the more recent work by Srinivasan (1976) which was based on what had by then become well-established high-sensitivity analytical techniques for rare-gas isotopes. Most major reviews in thc field, even of recent vintage, pay little if any attention to Srinivasan's pioneering work. In the following year, development of the field was continued in a paper by Yokoyama et al (1977) in which the in-situ production of 22Na and 24Na was measured on Mont Blanc and two other Alps, produced by cosmic-ray interactions with A1 from a piece of a TV tower, a pot-cover, and from the 20-year-old wreck of an airplane. In this third major study, the production rates were calculated not only for the Na isotopes, but also for 3H, and Be, C, A1, C1, Ar, Mn, and Fe isotopes as well, and as a function of latitude and altitude over the Earth's surface. With the publication of this paper, the in-situ cosmogenic field had come of age, despite the fact that almost no geophysicists were aware of it.
Two years later Craig et al (1979) studied the native metal josephinite together with the Greenland native irons, and showed that claims of incredibly high isotopic excesses were due to analytical artifacts during gas extraction. However, 3He and 21Ne were observed, albeit much scaled down from the supposed superlatives, and were tentatively attributed to in-situ cosmogenic production. At that time the papers of Srinivasan and Yokoyama were either unknown or forgotten: 3He and 2~Ne production rate calculations for Fe-Ni metals were made by two of the authors (K. Marti, S. Regnier) and by request were recalculated by D. Lal as a check. For josephenite (1 km altitude), a 3He exposure age of 1.8 My was obtained from the data--a time very short compared to the actual age of ~ 150 My. However, it was realized that the argument for cosmogenic 3He was rendered nonviable by the lack of documented "shielded" samples in which the inherited 3He content could be measured (this is similar to problems of present-day diamond studies): Thus it is possible that all, or even none, of the josephenite He is cosmogenic. The entire subject of the expected cosmogenic 3He and ~Ne contents of these native metals has now been covered in exhaustive detail (Poreda et al 1990) , and this is clearly a subject worth investigating in the future for cosmogenic exposure ages over the entire josephenite formation.
Finally, in 1986, the entire range of in-situ cosmogenic studies was packaged and delivered to the journals in a single year. Cosmogenic 3He in the lavas of Maul was measured at La Jolla, in continuation of the trail from josephenite through oceanic basalts (Craig & Poreda 1986) , and WHOI by Kurz following Japanese reports of high 3He/4He ratios obtained by fusion of the Maui samples (Kurz 1986a,b) : Both these studies drew heavily on the innovation of crushing techniques for He extraction introduced by Kurz at WHOI. These papers established the definite existence of cosmogenic 3I-Ie, and shortly afterwards Marti & Craig (1987) showed the existence of cosmogenic Ne isotopes in the same lavas. Klein et al (1986) and Nishiizumi et al (1986) demonstrated the existence of situ cosmogenic ~°Be and 26A1 in Libyan Desert glass and terrestrial quartz, respectively. Shortly afterwards, Nishiizumi et al (1990) measured t°Be, Z6A1, and 3He on the Maui Haleakala olivines, establishing the relative production rates of these three isotopes in olivine basalts. Finally, Phillips et al (1986) measured 36C1 in a number of volcanic lavas and tufts, and discussed the results in terms of applications to exposure age deter-minations (although the fundamental process erosion was neglected in their considerations).
"Cosmogenic in-situ nuclear geophysics" began in 1955 like most of the rest of the subject, and lay fallow until rejuvenated in 1976 by Srinivasan, and by Yokoyama and colleagues in 1977 . Josephenite nudged it a little in 1979, and the whole field came together in 1986 with six papers in one year, covering stable rare-gas isotopes, l°Be and 26A1, and reaching back and extending forward the original impetus from 36CI" Cosmogenic nuclear geophysics had come of age and was ready to go to work.
PRODUCTION OF COSMOGENIC ISOTOPES
Cosmic ray-derived nucleons decrease exponentially with depth through the atmosphere, hydrosphere, and lithosphere. The principal nucleons of the cosmic-ray flux are protons, alpha particles, secondary neutrons, and muons. In addition, other subsurface reactions (e.g. radiogenic) may produce the isotopes of interest. The cosmic-ray energy spectrum in the atmosphere is invariant below 12 km (atmospheric depth = 200 g/cm 2) (Lal Peters 1967) , although the cosmic-ray flux decreases by approximately 3X per 1.5 km altitude to sea level (atmospheric depth = 1033 g/cm2). Atmospheric shielding is an important difference between terrestrial and extraterrestrial exposures studies because low angle incident cosmic rays are shielded by the Earth's atmosphere whereas no such shielding takes place for extraterrestrial samples, and production of secondary neutrons from interaction with matter takes place in both the atmosphere and the sample in the terrestrial environment but takes place principally in the sample for extraterrestrial samples. In the following section, we discuss cosmic-ray sources, principles of production of in-situ cosmogenic isotopes, calculated and measured production rates, attenuation coefficients of cosmogenic isotope production, and effects of both spatial and temporal variations of the Earth's geomagnetic field.
Cosmic-Ray Spectrum
Cosmogenic isotopes are produced by spallation reactions induced by high energy nucleons, secondary thermal neutron capture reactions, and by muon-induced reactions (Lal & Peters 1967 , Lal 1988a . Nucleons in both the solar cosmic-ray and the Galactic cosmic-ray spectra are primarily protons and alpha particles (Lal & Peters 1967 , Pomerantz & Dugge11974, Reedy 1987 gives rise to spallation products and/or secondary neutrons which can further interact with atomic nuclei; the cosmic-ray flux is significantly diminished when it reaches the Earth's surface. Solar cosmic rays are produced by the Sun and have energies from about I to 50 MeV, with some particles having energies as high as 100 MeV. The Solar cosmic-ray flux is primarily from protons (98%) and some helium and larger nuclei. The flux is variable over several orders of magnitude, reaching 106 protons cm-2 s-1 during large events, but averaging about 100 protons cm -2 s-1 (Reedy 1987 ). The flux is lowest during periods low solar activity and highest during periods of high solar activity. The flux must be integrated over the 11-year sunspot cycle and over the longterm solar sunspot activity. Most of the primary cosmic rays interact with the Earth's upper atmosphere producing a cascade or shower of secondary neutrons,/~-mesons (muons), and other secondary particles (i.e. cosmogenic isotopes such as 3H, 3He, t°Be, etc). The production of in-situ cosmogcnic isotopes due to Solar cosmic radiation is minimal on Earth compared to that derived from higher energy Galactic cosmic rays.
Galactic cosmic rays originate outside of our solar system, have much higher energies than solar cosmic rays (up to 100 GeV) and have timeaveraged particle fluxes of about 3 protons cm 2 s ~ (Reedy 1987) . The shape of the energy spectrum at high energies (> 10 GeV) is generally approximated by E -~ where 7 is between 2.4 and 2.7 (Reedy et al 1983 , Simpson 1983 ). The flux is modulated by the magnetic field of the Sun which varies with solar activity, and shows a negative correlation with sunspot number (Pomerantz & Duggel 1974) . Galactic cosmic rays penetrate more deeply into the atmosphere where they also produce a shower of secondary particles. Secondary particles derived from Galactic cosmic rays produce most of the in-situ cosmogenic isotopes found in terrestrial rocks. The average Galactic cosmic ray produces about seven neutrons in its cascade of particles; whereas charged particles are slowed by ionization, neutrons travel until they interact with matter or lose energy by inelastic scattering (Reedy & Arnold 1972 , Reedy 1987 .
Production of ln-Situ Terrestrial Cosmogenic Isotopes
High energy nucleons are required for spallation reactions because the binding energy of atomic nuclei is between 7.4 and 8.8 MeV for all but the lightest isotopes (A < 11 ; Friedlander et al 1981) . The Solar cosmic-ray spectrum has energies from 1 to 100 MeV and the Galactic cosmic-ray spectrum has energies from 1 to 100 GeV (Reedy 1987 situ geomorphic studies include 3He, ~°Be, ~4C, 2 iNe ' 26A1 ' and 36C1. These reactions are target dependent: Oxygen, which is present in all silicate rocks and many other minerals, produces 3He, 1°Be, and 14C by spallation; spallation offsilicon and aluminum produces significant amounts of 3He and 26A1, as well as ~ °Be and 2 iNe ' but significantly less ~ °Be than oxygen in silicates; magnesium and sodium are very important in producing spallation 20,2 ~.22Ne by reactions such as 24Mg(n,~)2 ~Ne or 23Na(n,p2n)2 ~Ne; 36C1 produced in significant amounts by spallation off potassium and calcium. Some spallation products (e.g. 4He) have high absolute production rates but are not easy to measure because the background values are so high, while others (e.g. 7Be) have short half-lives so that they are of little use for in-situ studies although they are of use for other surficial problems. The total neutron flux includes thermal neutrons (energy <0.5 eV) which have been slowed by elastic scattering in the atmosphere or the rock matrix. While fast neutrons are important in spallation reactions, thermal neutrons are very important for neutron capture reactions. The thermal neutron flux is also attenuated as it passes through matter, but in a different manner than most cosmic ray-associated nucleons. Although fast neutrons are attenuated in an exponentially decreasing fashion, some thermal neutrons escape from the lithosphere into the atmosphere. Thus thermal neutrons have a maximum flux below the surface of the lithosphere (calculated to be at a depth of 45 g/cm2; Reedy & Arnold 1972 , FabrykaMartin 1988 which was corroborated by measurements of the neutron flux distribution (Yamashita et al 1966) and 36C1 in lunar rocks (Nishiizumi et al 1984a) . Thermal neutron capture reactions are very important for the production of certain isotopes from targets with high capture cross sections. Important thermal neutron capture reactions for in-situ studies include 35Cl(n,y)36Cl, 39K(n,~)36C1, and 6Li(n,~)3He. For rocks with certain compositions, thermal neutron capture reactions can make up a significant proportion of the total cosmogenic isotope production.
Secondary cosmic-ray muons (~t +,/~-) are subatomic particles (mass of 207 me, where me is the mass of an electron) produced by cosmic-ray interaction with matter in the atmosphere or lithosphere. The negative muon can be captured by a nucleus to form a/~-mesic atom which then decays to a long-lived or stable isotope. Muons have a much longer attenuation length than neutrons so that at shielding depths greater than about 1000 g/cm 2 (sum of atmospheric shielding and vertical rock depth) fast muon interactions and slow muon capture must be evaluated for the total production rate of cosmogenic isotopes (Lal 1987a,b) . Muon production at depth could be significant for stable cosmogenic isotopes (3He, 2~Ne) in samples with long burial ages, or in samples from areas with high erosion rates. Other mechanisms also can produce the same isotopes as are produced by the cosmlc-ray flux. In particular, in certain cases radiogenic production can be important because of the neutron flux associated with natural fission, or from (~,n) reactions [e.g. lsO(~,n)2~Ne]. For stable isotopes (3He ' 21Ne ) or those that exhibit a significant fraction of isotope production by thermal neutrons (36C1) the amount of radiogenic production may be non-negligible. For 36C1 this can be evaluated because the capture cross section is well known (Phillips et al 1986 . However, for the stable isotopes, assumptions must be made about the age of the sample and the distribution of the neutron and ~ flux throughout the lifetime of the mineral.
Attenuation Coefficients
The mass attenuation coefficient for neutron flux or for in-situ cosmogenic isotope production describes the change in the flux as cosmic rays pass through matter:
where J and J0 are the production or disintegration rates at the depth of interest and the surface, respectively, A is the mass attenuation coefficient in g/cm 2, and M is the accumulated mass in g/cm 2. It is also convenient to consider the characteristic attenuation length for material of constant density:
where p is the density so that
where z is depth in the constant density medium. For a mass attenuation coefficient of 170 g/cm 2, water (p = 1.0 g/cm3), granite (p = 2.7 g/cm3), and basalt (p = 3.2 g/cm 3) have characteristic attenuation lengths of 170, 63, and 53 cm, respectively. The value of the attenuation coefficient depends primarily on the energy spectrum of the incident cosmic rays and secondaries (Lingenfelter 1963 , Lal & Peters 1967 . Most of the in-situ cosmogenic isotopes produced in the lithosphere are derived from Galactic cosmic rays which are of much higher energy than solar cosmic rays (Lingenfelter 1963 , Lal & Peters 1967 , Reedy et al 1987 . Although the Galactic cosmic-ray flux to the Solar System is essentially constant over the long time periods considered for in-situ cosmogenic exposure age studies, the flux to the Earth's surface changes as a result of the variation of the Earth's magnetic field and because of solar activity. Two important observations have been made www.annualreviews.org/aronline Annual Reviews Annu. Rev. Earth Planet. Sci. 1994.22:273-317 concerning the mass attenuation length of the cosmic-ray flux: 1. The mass attenuation length does not significantly change with solar activity, although the cosmic-ray flux is higher at high latitudes during periods of low solar activity (Lingenfelter 1963) ; and 2. the mass attenuation length changes with latitude--while the cosmogenic flux is higher at high latitudes, the attenuation length is greater at low latitudes because the incident cosmic-ray flux is harder (Lingenfelter 1963) . Mass attenuation coefficients for neutron flux in air or for in-situ isotope production in various media are given in Table 2 , which shows that the measured attenuation coefficients vary from about 145 to 190 g/cm 2 for the lithosphere with values bcing distributed about a value of approximately 170 g/cm 2.
Atmospheric values range from 164 to 212 g/cm 2. Middleton & Klein (1987) estimate the #-attenuation coefficient to be about 1500 g/cm 2.
Samples collected at significant depths below the surface should be corrected to the surface value. However, it is important to note that the mass attenuation coefficient assumes that the production rate is modified only by mass absorption. For the special cases where a significant fraction of the nuclide is produced by thermal neutron capture (e.g. 36C1) or where significant attenuation has not taken place in the atmosphere (e.g. the Moon), the production in the near subsurface increases relative to the surface value to an accumulated mass depth of about 45 g/cm 2 (45, 16, and 14 cm for water, granite, and basalt, respectively). Figure 2 shows the depth dependence in the lithosphere (depth less than 200 g/cm 2) of cosmogenic isotope production from two localities, one at high latitude and one at low latitude. The mass attenuation coefficients calculated from these data, 145 and 179 g/cm 2, respectively, show the expected trends: that high-latitude sites have a lower mass attenuation coefficient because the cosmic-ray energy spectrum is harder at low latitudes than at high latitudes. For deep lithosphere samples (greater than 200 g/cm :) significant #-induced isotopes may be present (Kurz 1986b ). However, for depths less than 1 meter in the lithosphere, the contribution of radiogenic and #-induced isotopes is small (but sometimes significant) compared to the total cosmogenic flux (Kurz 1986b , Fabryka-Martin 1988 , Nishiizumi et al 1989 .
Variations due to Changes in Solar Activity
The cosmic-ray flux to the Earth is inversely related to solar activity (Forbush 1954) . The solar cosmic-ray flux is higher during periods Brown et al (1992) and Kurz (1986b) for rock samplc dcpths less than 200 2. Concentrations are normalized to the Earth's surface. E www.annualreviews.org/aronline Annual Reviews sunspot activity; most solar cosmic rays in an 11-year sunspot cycle are produced during a few solar flare events (Lal & Peters 1967 , Pomerantz Duggel 1974 , Reedy et al 1983 . However, the solar cosmic-ray flux is of much lower energy than the Galactic cosmic-ray flux, so that the solar cosmic-ray flux makes little contribution to the total cosmic-ray flux at the Earth's surface, even at high latitudes.
While the solar cosmicray component may be important in some extraterrestrial studies, it contributes only a few percent of the total atmospheric 14C production (Lingenfelter 1963) and is not significant for in-situ surface studies of the Earth's surface.
The Galactic cosmic-ray flux to the Earth's surface, on the other hand, is greatly affected by the solar cycle. Solar plasma clouds derived from periods of solar activity interact with the Earth's magnetosphere to producc geomagnetic storms that modulate the Galactic cosmic-ray flux; in addition the plasma clouds sweep cosmogenic particles from their path (Lal & Peters 1967) . The aggregate result of these periods of increased solar activity is to significantly decrease the Galactic cosmic-ray flux to the Earth and its atmosphere. The low-energy part of the cosmic-ray spectrum is most strongly affected so that the most pronounced decrease during periods of high solar activity occurs at high latitudes and altitudes.
Geomaynetic Field l/ariations." Spatial and Temporal Effects
The Earth's geomagnetic field deflects incoming cosmic rays and hence affects the in-situ production rate. The deflection is related to the incident angle and the rigidity of the cosmic ray, which is defined as r = pc/q, where p is momentum, q is the charge of the particle, and c is the velocity of light (O'Brien 1979) . The cutoff rigidity for any particular angle of incidence the lowest rigidity for which a cosmic ray can enter the Earth's atmosphere. The present vertical cutoff rigidity varies between 0 and 17 GV; vertical cutoff rigidities are lowest at the magnetic pole and highest at the equator (Shea et al 1987) . The higher cutoff rigidity near the equator means that the cosmic-ray spectrum is harder at the equator and hence the attenuation coefficient of the atmosphere is higher at low latitudes than at high latitudes. The Earth's geomagnetic pole is essentially the geographic pole for periods greater than about 2000 years (Champion 1980 , Ohno & Hamano 1992 , so that in the following discussion it is assumed that the geographic pole represents the average geomagnetic pole position. Figure 3 shows production rates as a function of latitude and elevation based on the models from Lal & Peters (1967) and Lal (1988c Lal ( , 1991 ; preliminary on absolute production rates from different altitudes and latitudes are consistent with these results (Cerling & Craig 1994 . The www.annualreviews.org/aronline Annual Reviews relationship of Lal & Peters (1967) is similar to that of Lingenfeltcr (1963) and Yokoyama et al (1979) , but differs in detail. Temporal changes in the Earth's geomagnetic field are very important for the total production of cosmogenic isotopes. The ~4C radiocarbon production rate is known to vary inversely with the strcngth of the magnetic field (Damon et al 1978 , Suess 1986 ). For reasons described above, weaker magnetic field allows greater penetration of cosmic rays into the atmosphere resulting in a increase in the production of cosmogenic nuclides. Because the cutoff rigidity is low at high latitudes and high at low latitudes, the change in the cosmic-ray flux at high latitudes is significantly less than the change at low latitudes for a given change in the Earth's magnetic moment. Likewise the change in the production rate at high altitudes will be greater than at low altitudes for a given change in the magnetic moment. Therefore, the greatest change in production rates due to changes in the dipole moment will be at high altitudes and low latitudes, and will be much less at low altitudes and high latitudes (Kurz et al 1990) . As the production rate for cosmogenic isotopes is integrated over the exposure period, changes in the dipole moment are attenuated with time. Figure 4 shows the integrated production rate of ~He for the last 80,000 years calculated for changes in the Earth's dipole moment. 
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Ft~]ure 4 Changes in the integrated production rate of cosmogenic ~He calculated from Lal (199l) and Mazaud et al (1991) and normalized to the production rate measured at ernacle Hill, Utah (Cerling & Craig 1994) . The date of Tabernacle Hill was corrected for changes in the radiocarbon production rate using the relationship observed by Bard et al (1990) .
Non-Cosmogenic Isotopes and Atmospherically-Derived Cosmogenic Isotopes
For an accurate determination of the concentration ofcosmogenic isotopes within a sample the non-cosmogenic component of the isotope of interest must be assessed; this must be subtracted from the total amount measured to give the cosmogenic component. For different isotopes different origins are possible, but in any case the possibility ofa non-cosmogenic component must be considered. Three types of non-cosmogenic isotope corrections need to be considered: inherited, in-situ nucleogenic, and contamination by atmospherically-derived (common) cosmogenic nuclides.
For the stable cosmogenic isotopes such as 3He and 2~Ne, an original amount of trapped non-cosmogenic component may be present, often in vesicles, which can be released by crushing (Craig & Poreda 1986a; Kurz 1986a,b; Cerling 1990; Kurz et al 1990) . Correction can be made for the non-cosmogenic component by measuring the 3He/4He ratio and the 4He concentration (Craig & Poreda 1986a; Kurz 1986a,b) . 21Ne/2°Ne corrections are made assuming that the non-cosmogenic 2~Ne/2°Ne ratio www.annualreviews.org/aronline Annual Reviews Annu. Rev. Earth Planet. Sci. 1994.22:273-317 is at~nospheric (Marti & Craig 1987 , Staudacher & All6gre 1991 , Porcda & Cerling 1992 . suggest that the assumption that the gas released during crushing is a trapped non-cosmogenic component may be inappropriate for quartz because they observed high and variable 3He/4He ratios in crushing Antarctic quartz samples. For the cosmogenic isotopes that are radioactive (~°Be, 26A1, 36C1), the inherited component in minerals crystallized from magmas is nil, except in a few rare circumstanccs. For example, Tera et al (1986) and Monaghan et al (1988) report primary ~°Be in some young island arc volcanic rocks from the Aleutians that was incorporated into the magma prior to phenocryst formation.
STABLE COSMOGENIC ISOTOPES: RESOLUTION OF THE COSMOGENIC COMPONENT
3He is the cosmogenic stable isotope that has been studied in some detail.
Olivine and clinopyroxcnc phcnocrysts in basaltic lavas generally have fluid inclusions containing helium and other rare gases from the mantle with characteristic isotopic signatures. On exposure after eruption, cosmogenic 3He and 2~Ne are created essentially uniformly throughout the matrix of a crystal. Craig & Poreda (1986a) resolved the mantle and cosmogenic components by first crushing the phenocrysts in vacuum to release the total helium for mass spectrometric analysis. The crushed powders were then heated in vacuum to 1800°C, to release the cosmogenic helium, plus some remaining inclusion helium, for analysis. Plotting 3He vs 4He for the extracted helium fractions results in two graphs: I. the mantle-component linear array, with a ~He = 0 intercept, and 2. a parallel linear array with a nonzero intercept equal to the cosmogenic 3He component. The cosmogenic component in the Haleakala lavas was thus found to range from 0.80 to 1.22 x 10-12 cm3/g (/~#cc/g) at standard temperature and pressure and to amount to ~ 75% of the total 3He in the phenocrysts. Alternatively, helium may have been extracted from phenocrysts entirely by high-temperature fusion, so that the inherited mantle helium stored in the phenocryst inclusions is not separately determined. This is the case for the suites of ultramafic xenoliths analyzed by Porcelli et al (1986) , just prior to the discovery of cosmogenic helium. The original data include samples of ultramafic nodules erupted from the Lashaine tuff cone in northern Tanzania, in which the 3He/4He ratios and total 4He were measured on the fusion-extracted gases. In this case, a different procedure may be applied. Assuming that the individual nodules have the same cosmogenic 3He concentration, but variable inherited helium contents, a plot of the 3He/4He ratio vs the reciprocal 4He concentration will give a linear array in which the intercept is the inherited helium isotope ratio, and the slope is the cosmogenic 3He content of the olivine and cpx crystals.
www.annualreviews.org/aronline Annual Reviews Figure 5 shows such a plot for the Lashaine nodule samples of Porcelli et al (1986) . The 3He/4He ratios are plotted in the conventional R/RA format, where R = 3He/aHe, and RA is the atmospheric helium ratio (1.40 × 10-6). The straight line is fit to the three points for sample BD-738 (two olivines and one cpx), a garnet lherzolite, but the fit is reasonable for all five data points. The intercept defines the inherited mantle helium component with R/RA = 5.9, while the slope (57.8) gives the cosmogenic 3He concentration as 0.081/~/~cc/g, some 15 times lower than the Haleakala value from 2 km greater altitude. These Lashaine values are similar to those determined in a second paper by Porcelli et al (1987) , wherein the data points were treated separately and a mean inherited 3He/4He ratio was assumed: The graphical method is used here to test consistency of the data and derived mean values for the parameters.
The appropriate 3He production rate for the Lashaine nodules is based on the base-line rate J = 115 atoms g-~ y-~ (Ceding & Craig 1994) 
He(ncc/g)
Fit]ure 5 Measured 3He/4He ratios (as R/RA) for the Lashainc, Tanzania nodules plotted against the reciprocal 4He concentrations. The data were measured by Porcelli et al (1986) . The intercept in this plot defines the "inherited" mantle He ratio (5.9 RA), while the slope gives the cosmogenic 3He concentration (0.081 ##cc/g, corresponding to an exposure age of 12,100 years). The straight line is fitted to three points (solid circles) from the same nodule. See Craig & Poreda (1994) for discussion of this figure. www.annualreviews.org/aronline Annual Reviews "~ All values given for sea level (M = 1033 g/cm 2) at high latitudes (>60°), and have been corrected for the difference between ~4C scale and the absolute ages , Bard et al 1990 . Values given are averaged over long periods of time (> 5000 years). Some of differences in rates may be due to their being averaged over different time periods because the integrated production rate varies with time ( Figure 4) . a 100 atoms/g/y = 3.72 ,u~cc/g/My. b lntcgratcd ovcr the last 17,500 ycars. c Integrated over the last 5000 years (see discussion in Cerling & Craig 1994) . d Estimated using the production rate at Tabernacle Hill (115 atoms/g/year) normalized to high latitudes and altitudes, and using 3He concentration as a cosmogenic flux monitor.
e Compositionally dependent (K, Ca, CI).
original calculated production rates of Yokoyama et al (1977) which were remarkably accurate considering the complete lack of actual data at that time.] Because the nodules are not significantly eroded, the Lashaine exposure age for the eruption of the tuff cone is thus found to be 12,100 years. We estimate that this age is probably determined to ~ 1500 years either way--an excellent return for so few data.
IN-SITU NUCLEOGENIC ISOTOPE PRODUCTION Natural radioactivity producing neutrons or alpha particles results in additional isotope production. Alpha production in the U-and Th-decay series results in (~,n) reactions, and spontaneous fission of uranium (the basis for fission track dating ; Fleischer et al 1975) provides an additional source of neutrons. Thus, many rocks have a significant flux of ~ particles or neutrons which may produce significant quantities of isotopes over sufficient time. the neutrons produced have energies high enough to cause spallation but they are very important for (n,e), (n,T), or (n,v) reactions. Some significant reactions include 6Li(n,e)t-~ 3He, ~°B(n,2e)t-~ 3He, 170(n,c014C, 180(e,n)2~Ne, 23Na(n,t-~ 3He)2~Ne, 24Mg(n,~)2~Ne, 35CI(n,v)36C1, 39K(n,~)36C1 (Kurz 1986a,b; Lal 1987b; Fabryka-Martin 1988) . duction of these radiogenically-derived isotopes is usually small compared to those derived from cosmic-ray neutrons or e particles over the surface exposure period, and hence is usually small compared to the cosmogenic component during the surface exposure period. However, for the stable cosmogenic isotopes, such as 3He or 2~Ne, the long term accumulation (10 7 years, or more) could be a significant contribution to the total 3He or 21Ne in the sample. Poreda & Cerling (1992) report high concentrations of ~ ~Ne from Mesozoic plutonic quartz found in young glacial moraines that were attributed to nucleogenic production over ca. 10 s years. suggest that nucleogenic 2~Ne contamination by thẽ sO(~z,n)2 ~Ne reaction can be removed by leaching because of the relatively short path length of (z particles (10 s of microns).
ATMOSPHERICALLY-DERIVED COSMOGENIC ISOTOPES These are distinguished from in-situ cosmogenic isotopes because the former are produced in the atmosphere and swept out by rainwater whereas the latter are produced in-situ within the rock (the former are also called "gardenvariety" by ). For some cosmogenic isotopes the atmosphericallyderived flux is high enough and the absorption by rock is high enough that a significant amount of atmospherlcally-derived cosmogenic isotope is present, leading to their use in exposure age studies of soils, soil formation rates, and soil erosion rates (Monaghan et al 1983 (Monaghan et al , 1992 Brown et al 1988; McKean et a11993) . The flux of atmospherically-derived cosmogenic isotopes is high enough for 1°Be and 36C1 SO that samples must be leached to separate it from the in-situ component which may be only 1% or less of the total. This is usually done by successive leaching in acid (Brown et al 1991 . Atmosphericallyderived 3He and 2~Ne is insignificant in minerals because they are not transferred from the air to the soil, and the atmospheric production of 26A1 is very low because of a low abundance of suitable target isotopes. 14C contamination by atmospheric ~4C is a problem for samples contaminated with organic carbon or with pedogenic carbonate. It can be removed by oxidation or by acid treatment.
This discussion points out that for most samples the total abundance of an isotope must be corrected to get the in-situ cosmogenic component. The total isotopic abundance can include inherited, nucleogenic, and atmospherically-derived components that need to be evaluated for each sample. 
Production Rates
The production ofcosmogenic isotopes is a function of the cosmic-ray flux including secondaries and the composition of the rock. The cosmic-ray flux integrated over the exposure history of the sample is related to latitude, altitude (including depth below the surface), and the length of time the sample has been exposed to cosmic rays. Until a few years ago, there were no direct measurements of the production rates of terrestrial in-situ cosmogenic isotopes. However, in the past few years various research groups have measured the terrestrial in-situ production rates of different cosmogonic isotopes by measuring the concentrations of cosmogenic isotopes in pure materials such as laboratory chemicals (Lal et al 1960 , Mabuchi et al 1971 or wrecked airplanes (Yokoyama et al 1977) , dated lava flows (e.g. Phillips et al 1986 , Kurz et al 1990 , Cerling 1990 , Cerling & Craig 1993 , in moraines deposited during the last glaciation (Nishiizumi et al 1989 , by measuring the concentrations of several radioactive cosmogenic isotopes (Brown et al 1991) , and by measuring concentrations of cosmogenic isotopes in coexisting minerals with different compositions (Poreda & Ceding 1992 ). Terrestrial production rates are not directly comparable to extraterrestrial production rates (e.g. Nishiizumi et al 1980) because of attenuation both solar and Galactic cosmic rays by the Earth's atmosphere and magnetosphere, or to theoretical production rates based upon nuclear cross section measurements (e.g. Raisbeck & Yiou 1974 , Reedy & Arnold 1972 , Reedy et al 1979 . However, measured production rates are similar to calculated production rates when these differences are taken into account (compare production rates below to those given by Yokoyama et al 1977) . Table 3 shows terrestrial production rates of some of the important cosmogenic isotopes for certain mineral or rock compositions and Table  4 shows production rates for quartz. All of the given production rates are calculated for high latitudes (> 60°) and sea level (M = 1033 g/cm 2) and integrated over a specified time interval. Most cosmogenic isotopes show a compositional dependence of the production rate as is evident in Table  3 and Figure 6 , which shows the compositional dependence of 21Ne on the concentration of Mg and Na. It is clear that considerably more work needs to be done on establishing the production rate of in-situ cosmogcnic isotopes. Efforts have been hampered by the lack of samples of well established age (see discussion by Cerling & Craig 1993) , because most lava flows have insufficient 14C dates necessary to establish their age and K-Ar is not sufficiently accurate for samples younger than about 100,000 years because of problems of precision and inherited argon. (Cerling & Craig 1994 ). Calculated from Poreda & Cerling (1992) . Calculated from Graf et al (1991) and Nishiizumi et al (1989) .
Compositionally dependent (CI).
some cases it is possible to use the presence of two isotopes to calculate production rates (Brown et al 1991) because the ratio of isotopes with different half-lives changes with time.
MEASUREMENT OF COSMOGENIC ISOTOPES
Cosmogenic isotopes are measured either by conventional noble-gas mass spectrometry or by accelerator mass spectrometry (AMS). For any of the isotopes discussed here, the realistic detection limit is on the order of 104 to 105 atoms per sample. Sampling strategies and isotope extraction methods are determined by these limitations, and by the local production rate and time the sample has been exposed to cosmic radiation. For the noble gases 3He and 2 ~Ne, which are analyzed by conventional mass spectrometry, the inherited component must be determined separately from the cosmogenic component (Craig & Poreda 1986a; Kurz 1986a,b; Cerling 1990; which is released by heating to high temperatures from a pure mineral separate. Mass spectrometric corrections including isotope discrimination or resolution of similar peaks such as HD (for ~He) and 4°At++, H2~sO, C3H~-+, 2°Nell+ and CO-+ (for Ne) must be made (Marti & Craig 1987 , Graf et al 1991 , Poreda Cerling 1992 , Niedermann et al 1993 .
The radioactive cosmogenic isotopes are measured by AMS which allows for reduction in sample size by several orders of magnitude compared to conventional counting methods. AMS requires that the isotope be ionized with minimal production of interfering isobars; the ions are www.annualreviews.org/aronline Annual Reviews Na20 + MgO Na20 + MgO + SiO 2 + AI20 3 Figure 6 Compositional dependence of 2~Ne production, using 3He in phenocryst olivine as a flux monitor. From data of Poreda & Cerling (1992 then accelerated through a potential up to several MeV, the isotopes are separated by the mass to charge ratio in several magnetic fields along the flight path, and finally the interfering isobars are detected and resolved (Elmore & Phillips 1987) . Samples must be prepared to minimize isobaric interference (e.g. l°B with l°Be). Mineral separates often have an advantage over bulk samples because the production rates are easier to characterize for simple chemistries. Sample preparation is discussed by Srinivasan (1976) , Lal et al (1987a , Nishiizumi et al (1989) , Jull et al 1992) , Brown et al (1991) , Zreda et al (1991) , and .
IN-SITU COSMOGENIC ISOTOPES: EXPOSURE AGES AND EROSIONAL HISTORY
The potential for terrestrial in-situ cosmogenic isotopes to be used for exposure age dating or for modeling erosion has been covered many timcs prcviously (e.g. Davis & Schaeffer 1955; Srinivasan 1976; Lal , 1987a Lal ,b, 1988a Lal , 1991 Craig & Poreda 1986a; Klein et al 1986; Kurz 1986b; Nishiizumi et al 1986 Nishiizumi et al , 1991a Lal et al 1987a; Brown et al 1991; . Several different equations are necessary to describe the concentration of in-situ cosmogenic isotopes within a rock. For a horizontal surface with a constant production rate over the time of interest, the production rate within rock varies as
where Jis the production rate (atoms g-~ s 1) at depth z (cm) in the rock; p and A are as defined above. The mass attenuation coefficient A is treated as constant although Kurz (1986b) treats the case where a significant fraction of the cosmogenic isotopes are produced by #-particles, which have a different attenuation coefficient, and discuss the special case for 36C1 where the total production reaches a maximum at a depth of about 45 g/cm 2 because of neutron activation of 3sC1 by thermal neutrons. The value for Alp represents the characteristic length z* for cosmogenic production, sometimes called the e-folding depth, and is generally about 50 to 70 cm for most rocks. The concentration of insitu cosmogenic isotopes is given by the equation:
where
t is time (s), and 2 is the decay constant (s-~) for radionuclides. significant exposure periods, it is important to consider the effect of erosion which brings previously shielded rocks to the surface. In the following discussion a constant erosion rate E (cm/s) is assumed so that
which has the general solution (Lal 1991 , Brown et al 1991 :
where Co is the initial concentration of the isotope and X[J(other)] represents other production mechanisms as discussed above. Setting 2 = 0 for the case of nonradioactive species, Equation 12 reduces to Equation 1 when U = E in the latter, i.e. when uplift is balanced by erosion (or subsidence by accumulation), so that U* --0. [Note, however, this is not the case for setting U = 0 in Equation 1, because to be completely rigorous Equations 9 to 12 should include the term E/h* even when one takes U = 0, because erosion (accumulation) changes the altitude of the surface, and thus the production rate of the cosmogenic isotope.] For a sample collected at the surface this equation becomes:
C(t) -Jo [1 -e-t~Elz*+~)]+Coe-~t + X[J(other)]. (13) E/z* + 2
For the case where the initial concentration Co and the production by other mechanisms are evaluated, the cosmogenic component Co(t) is
When erosion is negligible (E ,~ 0), two further special cases are of interest--stable eosmogenic isotopes and radioactive cosmogenic isotopes:
for stable isotopes, and
for radioactive cosmogenic isotopes. These equations illustrate some important aspects of surface exposure dating using cosmogonic isotopes. Stable cosmogenic isotopes increase with time unless chemical or diffusional loss occurs (e.g. Cerling 1990 , Trull et al 1991 so that previous www.annualreviews.org/aronline Annual Reviews exposure or long-term production by radiogenic or p-induced radiation may be significant for samples whose crystallization age is much greater than the exposure age. Radiogenic isotopes, on the other hand, have an inherently low background for previous exposure events or long-term production because radioactive decay causes the Co and C(other) terms decrease according to the half-life of the isotope. Likewise, it is unlikely that a significant fraction of the isotope of interest crystallized when the rock formed, except in unusual circumstances such as for island arc volcanic rocks incorporating 1°Be (e.g. Tera et al 1986 , Monaghan et al 1988 or carbonates accumulating ~4C near the surface such as in soils. Figure 8 shows the concentrations of in-situ cosmogenic isotopes for the case where there is no erosion. Radioactive isotopes approach a steadystate concentration after 4 to 5 half-lives, limiting the application of those isotopes to cases where the exposure age is within 3 to 4 half-lives. For cases where there is significant erosion steady-state values are reached earlier. Figure 9 shows that for constant erosion rates even the stable isotopes can reach steady-state values on the time scale of 100s of thousands of years for low erosion rates (ca. 10 m/My). For regions with erosion rates exceeding 100 m/My it is unlikely that the assumption of constant erosion rates is valid. time (years) Figure 9 Concentrations of in-situ stable isotopes for samples with erosion rates ranging from 0 to 1000 m/My. Klein et al (1986) , Nishiizumi et al (1991a,b) , and Lal (1991) discuss advantages of using multiple isotopes, especially the l°Be-26A1 pair, both of which are commonly measured in quartz samples. ~°Be and 26A1 appear to be produced in the same ratio at depth (Brown et al 1992) although such may not be the case for all isotope pairs because of production by thermal neutrons (e.g. 36C1) or by/~-at depth. These papers show that the 26A1/l°Be ratio is constant for samples with no burial history except for extremely old surfaces that have low erosion rates. Therefore, significant deviation of the 26A1/~°Be ratio below its production ratio of about 6.1 implies that the sample is very old (> ca. 250,000 years) and has had a very low erosion rate (< 1 m/My), that the sample has been buried and shielded from cosmic rays for a time sufficient for 26A1 depletion compared to l°Be, or both. If one assumes a simple history for the latter case (a single cycle of exposure followed by burial) then the original exposure period as well as the burial time can be computed (see Klein et al 1986 , Nishiizumi et al 1991a , Lal 1991 .
Models have also been developed for: ice accumulation or ablation ), significant changes in altitude (Craig Poreda 1986a , Lal 1991 , alternating periods of erosion and stability , Lal 1991 , and differential erosion of moraines producing population of boulders at the surface which have different initial burial depths 
REALITY OF SAMPLING CONDITIONS

Condition of Sample Surface
While the above discussion indicates that the in-situ cosmogenic surface exposure method has great potential for solving some problems basic to geomorphology, archeology, erosion, sediment transport, fault recurrence intervals, etc, the reality of the field situation tempers enthusiasm when it is time to collect samples. A clear problem is the identification of"original" surfaces. Glacially striated surfaces ( Figure 10A ) are a welcome but rare case of preserved surfaces that could have had only minimal erosion (< cm) as the delicate scratches are only a few mm deep. Volcanic features that form at the Earth's surface include pahoehoe structures, but excavation of lava flows often shows that some flows are literally layer upon layer of onlapping pahoehoe features. However, new volcanic flows have numerous closed depressions that eventually get filled with volcanic rubble which provide evidence for significant erosion. Samples collected from rubblefree closed depressions are likely to have experienced little erosion. Likewise, lava flows are generally more vesicular at the top of the flow and become more dense at depth, so that dense lavas are unlikely to be primary surface features of lava flows. Large boulders are often a tempting target to collect, but it should be remembered that trees can turn over even large boulders ( Figure 10B ), and that exfoliation by heat (such as range fires) can cause degradation of the original surface of the boulder (Bierman Gillespie 1991). In some cases the surface of the boulder is sporadically exfoliated giving rise to "hat" boulders. Such disintegration probably explains why Bull Lake moraines in the Yellowstone region are virtually devoid of surface boulders whereas the younger Pinedale moraines have numerous well-exposed boulders. Surface heating without exfoliation www.annualreviews.org/aronline Annual Reviews could cause selective loss of some in-situ cosmogenic isotopes (e.g. 3He or 21Ne). Clearly such problems are far more likely in some vegetational settings and climates than others, but such considerations must always be taken into account. A previous exposure history is a potential problem for many samples, especially any redeposited samples (e.g. cataclysmic flood deposits, alluvial deposits, glacial scours or moraines). The problems are different for different isotopes (e.g. stable versus radioactive) and for different problems and should be evaluated for each case.
Spatial or Temporal Shielding of Cosmic Rays
Spatial shielding of cosmic rays results in a lower cosmic ray flux and hence lower production rate, except in the case where there is significant production by thermal neutrons in which there can be enhanced production. All of the above discussion has assumed that the target surface was horizontal and that there was no shielding of incident cosmic rays. However, in certain circumstances cosmic rays are shielded by rocks (or trees), usually at relatively low angles above the horizon. Because incident cosmic rays are attenuated by the atmosphere and the atmosphere is thickest for low angle incident radiation, the correction for production due to primary and secondary cosmic rays is relatively small if the shielding angles are low (Figure 1 1) . Effects of shielding can be obtained by inte- grating the free access of cosmic radiation for the angular dependence of incident cosmic rays (Nishiizumi et al 1989) :
compared to the case for no shielding (270. For many cases shielding of incident cosmic radiation is minimal; however, for regions of high relief it may be very important. Cosmogenic isotopes with a significant component due to thermal neutrons warrant discussion because the production of isotopes by thermal neutrons does not have the simple depth dependence due to the airlithosphere boundary effect (Yamashita et al 1966 , O'Brien et al 1978 , Fabryka-Martin 1988 . For certain geometries this may require a significant correction.
Temporally, several corrections should be considered. First, burial by wind blown ash, dust, or sand could cause a significant shielding for uncertain periods of time if it occurred in the past history during different dust flux conditions. Likewise, burial by ice or snow could have an important effect for total shielding because of attenuation by slow neutrons which is enhanced in the presence of hydrogen . Tree cover should also be considered in some cases (Cerling & Craig 1993) .
While this discussion has focused on realizing the effect of shielding for cosmogenic applications, it is important to note that samples collected to evaluate the mantle He or Ne component must avoid any possible cosmogenic contributions. In such cases it is preferable to sample sevcral meters below the suri'ace. For either application carethl field notes and photographs are important.
Gain or Loss of Isotopes from Minerals
An important consideration is the possible gain or loss of cosmogenic isotopes from the sample. Gain by contamination from atmosphericallyderived isotopes has already been discussed, as has the inherent background of pre-exposure isotopes including those produced by deeply penetrating muons or radiogenic contamination. Loss of cosmogenic isotopes is not significant for most isotopes except 3He, which can be lost by diffusion from certain minerals such as quartz or feldspar on time scales relevant to exposure age studies (Cerling 1990 , Trull et al 1991 . Olivine and pyroxcne are retentive with respect to both 3He and 2~Ne, and plagioclase is retentive for 21Ne (Craig & Poreda 1986a , Cerling 1990 , Poreda & Cerling 1993 . Cerling (1990) , show that significant diffusional loss of 3He in quartz takes place even at low temperatures in Antarctica--up to 100% for fine-grained quartz, although in large grains www.annualreviews.org/aronline Annual Reviews Annu. Rev. Earth Planet. Sci. 1994.22:273-317 the loss may be minimal. It is unlikely to be retained in quartz or feldspars in warmer climates. Quartz grains in plutonic rocks have been problematical for 21Ne studies, possibly because of I sO(~,n)2 INe reactions over long periods of time (Poreda & Cerling 1992) .
APPLICATIONS TO SURFACE EXPOSURE PROBLEMS
Dating of geomorphic surfaces is still a major problem in geomorphology.
In the past few years, the in-situ cosmogenic exposure age method has provided some dates on a variety of geomorphic surfaces. A number of these are discussed below to give a flavor of the sorts of surfaces that can be dated using this method. There is still some inconsistency in production rates used by various authors, which results in minor inconsistencies between different workers (or the same workers at different times). Much of this is because the production rates are not welt enough known, in part because the ~4C age (as opposed to the calendar age) was used to calibrate production rates in some studies but not in others (see discussions in Bard et al 1990, Kurz et al 1990, and Cerling & . In the following discussion we use the dates given in the original work unless specified. "14C BP" refers to ages based on the radiocarbon time scale without correction , Bard et al 1990 .
Glaciation
The direct dating of glacial events is virtually impossible except by the insitu exposure method. Previously, most attempts at dating glacial events used bracketing ~ 4C dates on organic material (bogs, trees, etc) and tephrochronology. Several groups have dated morainal material using in-situ cosmogenic isotopes. Table 5 gives data measured at SIO on glaciallyscoured surfaces or glacial erratics from the Makanakan glaciation on Mauna Kea, Hawaii ( Figure 10A ). Three different samples give exposure ages of 13,200_ 200 years. Dorn et al (1991) estimate deglaciation of the younger Makanakan glaciation of Mauna Kea, Hawaii to be complete by ca. 15,000 years based on 36C1 dates. Work by Phillips et al (1990) Bloody Canyon (California) gives ages of 21,400 and 24,300 years for the Tioga and Tenaya moraines, respectively, and a significantly older age for the Tahoe moraine. The older moraines (such as Tahoe) were complicated by the natural excavation of glacial erratic boulders which results in a distribution of ages, with the oldest ages being closest to the age of the glacial event (Phillips et al 1990 . Cerling (1990) found a volcanic flow in the Owens Valley overlain by Tioga age glacial www.annualreviews.org/aronline Annual Reviews Annu. Rev. Earth Planet. Sci. 1994.22:273-317 "Measured at Scripps Institution of Oceanography with the elevation of each sample given.
b "~Heo is the cosmogenic aHe after correction for inherited 3He. c % ~He c is the percent of the total 3He in the sample.
d Calculated using the production rate from Figure 4 . 307 outwash; the flow gave three exposure age 3He dates averaging 12,600 years 14C BP (ca. 15,700 years calibrated ~4C BP). Very old glacial deposits for Antarctica are indicated by the work of Cerling (1990) and Nishiizumi et al (199 la) in the Allan Hills region, and by Brown et al (1991) , Nishiizumi et al (1991a) , for the Valleys region. Because of the very old exposure ages, erosion rates can be estimated using the ~°Be-26A1 pair. Glacial episode Taylor IVb is estimated to be about 2 Ma, with erosion rates of 0.1 m/My or lower (Brown et al 1991 , Nishiizumi et al 1991a . The in-situ exposure age method has great promise for determining the glacial history of the late Pleistocene and Holocene. Rates of glacial retreat, the global extent of the younger Dryas, and the synchroneity of glacial stages are tractable problems that can be solved using cosmogenic isotope measurements. Craig & Poreda (1986a) and Kurz (1986b) discuss erosion rates calculated from stable noble gases and conclude that the summit of Haleakala Volcano (Hawaii) is eroding at a rate on the order of 10 m/My (Figure Ceding (1990) estimates erosion rates on the order of 2 m/My for stable basalt surfaces in the Coso volcanics of California. Using both ~°Be and 26A1, Albrecht et al (1993) estimate erosion rates for stable surfaces of the Bandelier Tuff(New Mexico) to be on the order of 1 to 10 m/My. Although higher than the rates reported by such erosion rates are still considerably lower than regional erosion rates, as would be expected for relatively stable surfaces in an arid landscape.
Erosion Rates
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Inselbergs, Kopjes, and Ancient Erosion Surfaces
Anyone viewing the numerous bustling kopjes (residual hills) that punctuate the Serengeti savannah at convenient intervals must immediately think of the application of cosmogonic isotopes to erosion rates and exposure ages over this broad region. These small kopjes are, however, simply the end-member of a range of majestic features such as the classic inselberg of Ayers Rock in Central Australia: almost 3 km of exposed Prccambrian sandstone rising some 300 meters or more above the almost flat surrounding landscape. Inselbergs and kopjes, the spectacular granite tors of Dartmoor, and the half-drowned Brazilian Sugar Loaf, all represent obvious targets for quantitative studies of erosion rates and exposure ages in climatic regimes ranging from temperate and dry to tropical and humid, with erosional processes varying from exfoliation to chemical weathering.
Kopjes and inselbergs dominate the spectacular erosional surfaces of the southern African continent that will someday be the subject &detailed isotopic studies. No better introduction to the geology and geography of these inselberg-dominated landscapes can be found than the classic test Principles of Physical Geology (Holmes 1965) . The ancient erosion surfaces dating back almost 140 million years comprise five well-characterized systems ranging from Madagascar to Angola and the Congo, and from Capetown to Uganda, shaped by the classic Penckian processes of pedimentation and scarp retreat encroaching on the flattened upland surfaces. The photographs and diagrams of Holmes (1965, pp. 600-15 ) must consulted for a proper appreciation of these majestic escarpments, rising to more than 3 km altitude on the Gondwana surface. These great inselberg landscapes are in fact an entire subject for a major program ofcosmogenic isotope studies of variations in erosion rates with climatic, tectonic, and rock compositional features on a grand scale.
Volcanic Events
On obvious application for the in-situ cosmogenic exposure method is the dating of young basaltic or andesitic landforms, which are difficult to date by K-Ar because of their low potassium content and inherited argon problems. Rhyolitic landforms are not so amenable to in-situ methods as it is often difficult to recognize original surfaces. Some basaltic landforms that have recently been dated include the Owens Valley flow at Aberdeen, California (12,600___ 1000 ~4C BP: ca. 15,700+ 1100 years using the production rate of Figure 4 ) and Red Hill in the Coso volcanic field, California [57,000 + 2000 ~4C BP (Cerling 1990 ): = 69,000 + 2000 years using Figure  4 ]; Lashaine volcano in East Africa (see Figure 5 and earlier discussion); www.annualreviews.org/aronline Annual Reviews the Potrillo volcanic field in New Mexico (Anthony & Poths 1992) ; and the Lathrop Wells cone in Nevada . The age of the Lathrop Wells basaltic cinder cone and its associated flows is controversial because of its proximity to the proposed radioactive waste repository at Yucca Mountain. The age of 81,000 + 8000 years reported by using in-situ 36C1, which has been corroborated by 3He measurements by T. E. Ceding & R. J. Poreda (unpublished) and by Poths Crowe (1992) , is older than estimated using landform degradation rates (Wells et al 1990) but younger than K-At results (Turrin et al 1991) which have a very large age distribution and may suffer from inherited argon (Poths & Crowe 1992) . So far, the in-situ cosmogenic isotope method gives the most consistent results although the age estimate may change as better production rates are established (see Table 3 and Figure 4 ).
Alluvial Deposits (Of Time and the River)
Oh give me a land Where the bright diamond sand Flows leisurely down the stream... "Home on the Range" (Anon)
The anonymous author of the song beautifully describes the transport of heavy minerals down the courses of rivers fortunate enough to flow from diamond-rich sources. For a long time it was known that a small fraction of analyzed diamonds had very high 3He/4He ratios relative to mantle basalts, but because almost all analyzed diamonds are of unknown provenance, conventional wisdom could only suppose that such high ratios were truly representative of Earth's primordial mantle material. One of the present authors, however, supposed otherwise, and suggested ttiat these diamonds contained cosmogenic 3He. Thus in a cooperative study, a "High-3He '' diamond was found to contain significant amounts of l°Be proving that both it and the high 3He content were due to cosmic-ray production during transport and surface exposure in the rivers of Zaire . Diamonds are the classic heavy mineral tracers for fluvial transport because their morphology changes progressively downstream from the source to the seacoast: We now have the possibility of a direct measure of the "leisurely" times involved.
Measurements of cosmogenic 3He will ultimately supply a method for measuring relative and perhaps absolute residence times of alluvial diamonds in river courses, although the "lingering times" in local gravel accumulations at slope and course changes will introduce some interesting problems to the analysis. It may be noted that ~He and 1°Be are the only cosmogenic isotope that can be measured in alluvial diamonds, but the complete spectrum will be available in such heavy minerals as cassiterites, www.annualreviews.org/aronline Annual Reviews gold, and other placer gravels. Other more common minerals, such as quartz (Lal & Arnold 1985) , can be used to estimate regional transport and erosion rates although in the end such studies will require numerous samples to overcome the stochastic nature of sediment transport and surface residence history.
Ice Ablation Rates
Ice ablation rates have been determined in the Allan Hills region, Antarctica. Fireman & Norris (1982) measured anomalously high 14C ablating ice from the Allan Hills and suggested that it may result from insitu spallation of oxygen in the ice. Ice from this region in 1987 had concentrations of several 1000 atoms/g which correspond to ablation rates of ca. 6 and 8 cm/year for two different sites . Those values agree with earlier estimates of ice ablation rates based on the stake method.
Meteorite lmpact
Meteor Crater in Arizona is a late Pleistocene impact crater that provides an excellent example of some of the aspects of cosmogenic dating approaches. The meteor impact exposed large blocks of the Kaibab dolomite which had been previously shielded by about 10 m of the overlying Moenkopi sandstone. From sampling the tops of ejecta blocks, Nishiizumi et al (1991b) find an impact age of 49,200+ 1700 years using l°Be and 26A1, and Phillips et al (1991) find an impact age of 49,700+850 years using 36C1. These dates agree with an earlier thermoluminescence age of 49,000 +__ 3000 years (Sutton 1985) and is considerably older than previous estimates based on soil development (Shoemaker 1983 ). Nishiizumi et (1991b) also collected samples from the base of a large ejecta block and used the age derived from it to calculate erosion rates around the base of the block; they also measured ages of talus within the crater and found them to be significantly younger than the age of the crater itself. These studies illustrate the importance of studying multiple samples to better assure that the age of the event is determined.
Desert Pavement
One of the ubiquitous features of desert landscapes, and one with a widely misunderstood origin, is desert pavement ( Figure 10C ). Desert pavement is the interlocking pebble-to gravel-size surface material, often with a very flat surface, that can withstand even heavy vehicular traffic until the surface is disrupted. Loess is usually found below the pavement, sometimes to a depth of several meters. Most introductory textbooks give the explanation that the fine material has been blown away, giving a deflationary lag deposit. Never is an explanation given as to why the peculiar mixture of www.annualreviews.org/aronline Annual Reviews loess with gravel was deposited in the first place! When wetted, smectites in the loess expand giving the landscape a "puffy" appearance. McFadden et al (1987) suggest that desert pavements are actually inflation surfaces, starting with a coarse pebble or gravel surface layer that is detached from the surface as aeolian silt accumulates in cracks and crevices adjacent to pebble or gravel surfaces. Thus, desert pavement actually stays at the atmosphere-lithosphere interface as inflationary dust lifts it above the original surface. Wells et al (1991) showed that the concentrations cosmogenic 3He and 2~Ne in desert pavement clasts were the same as in outcropping basalt flows underlying the pavement, which supports the accretionary model for desert pavement formation. This leads to the speculation that the oldcst surfaces on thc contincnts (except Antarctica) may well be inflationary desert pavements.
Cataclysmic Floods
Cataclysmic floods represent another important category of potential geomorphic events that can be dated by the in-situ cosmogenic exposure method. Extensive flood events resulting from overflow of a nonresistant sill (e.g. Bonneville Flood, Owens Valley Flood) or glacial outburst (e.g. Channeled Scablands of the Columbia River, Big Lost River) have been recognized in the western U.S. and elsewhere. Dating of these deposits cannot be done directly using conventional dating techniques, but have had to rely on extensive stratigraphic studies. Large boulders deposited by these floods ( Figure 10D ) and water-scoured surfaces are amenable dating by the in-situ cosmogenic method. Ages of 15,500 ~4C BP ( = 20,500 _+ 800 years using the production rates of Figure 4 ) for the Owens River flood (Cerling 1990 ) and 20,500 years for the Big Lost River flood (Cerling et al 1994) are compatible with other geological arguments. The well-dated Bonneville Flood (Oviatt et al 1992) has been used as a calibration point for determining cosmogenic production rates (Cerling 1990 , Cerling & Craig 1994 ; see also Figure 10E ). However, the concentration of cosmogenic 3He in the Bonneville Flood deposits is the same as from the basalt of Tabernacle Hill ( Figure 10F ), which has a very similar age, when corrected for altitude and latitude (Cerling & Craig 1994) .
The Final Riddle of the Sphinx (and other Archaeoloyical
Studies) The Sphinx is currently the subject of controversy with respect to ages of the individual components. The proposed ages for this monumental artifact are, on the one hand, ~4500 ~4C BP (conventional wisdom: Pharaoh Khafre in charge), and on the other, 7000-9000 14C BP (with restoration by Khafre at the conventional date; Schock et al 1991 is based on subsurface sonic patterns attributed to weathering of the limestone to depths as great as two meters or more at the front of the big cat, but much less elsewhere on the feline corpus. Thus the question at hand is whether the head and forequarters of the Sphinx, as well as the original quarry floor (possibly 12,000 ~4C BP?) predate the hindquarters by 2500 to as much as 7500 years. The question is precisely the type best suited in principle for study by cosmogenic isotopes. The problem is simply whether the solution lies within the scope of the present state of the art. First, the problem is not simply the exposure age, because erosion has proceeded fairly rapidly in terms of the desire for preservation. Holmes (1965, p. 15) shows the state of this feline artifact, elegantly linked with Khafre's pyramid, and labeled as "two celebrated products of the Biosphere." Both are nummulitic limestone: The Sphinx was carved from the outcropping living rock and the Pyramids were made of massive blocks of the same material. (The application of cosmogenic techniques to the Pyramids is difficult because the surfaces were once faced with granite, but the Sphinx has been effulgently nude since birth.) Secondly, the only possible candidate isotope is cosmogenic ~4C (Jull et al 1993) or 36C1. Donahue et al (1990) estimate that the sea-level production rate of 14C ~21 atoms g ~ y-~, so that at, e.g. 8000 14C BP and 4500 ~4C BP respectively, the expected cosmogenic activities are ~ 170,000 and 95,000 atoms/g, with a difference, therefore, of the order of 25,000 atoms/g for 3500 years in age. One wants to determine (a) the actual exposure age (with due attention to erosion), and (b) the difference in age between component sections. One has to dissolve the limestone matrix to extract cosmogenic ~C: A. J. T. Jull (personal communication to HC) estimates that the blank contribution in this process will be about the same as the expected activities per gram cited above, so that some 50 grams of material per sample will be required. This is by no means a simple undertaking, considering that the above predicted activities will be lower because of the finite erosion rates. It is only feasible because about half of the cosmogenic 4C is present as 14CO , making it possible to extract the cosmogenic component selectively from limestone.
Egyptologists, relax: You have nothing to fear for the moment. (But let your scientific progeny beware! The time will come for this study.) This is only one example of the many archaeological problems that lend themselves to investigation by the in-situ cosmogenic method. CONCLUSIONS ln-situ cosmogenic isotopes can be used to study the exposure history of the Earth's surface. Production rates of different cosmogenic isotopes are www.annualreviews.org/aronline Annual Reviews Annu. Rev. Earth Planet. Sci. 1994.22:273-317 known and are being refined. The production rate of an individual isotope is determined by the rock composition and the integrated cosmic-ray flux at its locality. At high latitudes the variation with time is small and is expected to be much higher at low latitudes; the signal is attenuated with time. The production rate of all isotopes increases significantly with elevation. The production rate for 3He at sea level and high latitudes is about 115 atoms g-~ y-1 over the last 17,500 years; other isotopes have lower production rates for sea level and high latitudes, and are more compositionally dependent. For many studies, a thousand years of exposure history produces enough in-situ cosmogenic isotopes to be measured.
In-situ cosmogenic isotopes have great potential to establish rates and dates of geomorphic processes and events. The exposure age of many geomorphic surfaces can be determined, including glacial or flood deposited boulders or scoured surfaces, lava flows, quarried building stone, and alluvial fans or terraces. Rates of erosion, glacial retreat, ice ablation, cliff retreat, or inflation of desert pavement can also be studied. Multiple cosmogcnic isotopes can be used to unravel the complexity of the exposure histories of many geomorphic features, both constructive and destructive in origin. The answers are indeed "blowing in the cosmogenic wind," and the coming decade will reap a harvest of new understanding and ideas over scales representing many orders of magnitude of the processes that shape and define the Earth's surface.
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